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Abstract
We construct a class of viable bouncing models that are conformally related to cosmological inflation. There are three main
difficulties in constructing such a model: (i) A stable (attractor) solution, (ii) A non-singular bounce, and (iii) to bypass the no-go
theorem that states that simultaneously maintaining the observational bounds on the tensor-to-scalar ratio and the non-Gaussian
scalar spectrum are not possible. We show that a non-minimal coupling of the scalar field helps to bypass these difficulties and
provides a viable bouncing model with a naturally occurring reheating epoch briefly after the bouncing phase.
1. Introduction
The inflationary paradigm remains the most successful
paradigm in explaining the early Universe as the theoretical pre-
dictions are in excellent agreement with the recent observations.
However, there is an attempt of finding other alternatives to in-
flation as, despite the ever-tightening observational constraints,
there seems to exist many inflationary models that continue re-
main consistent with the data (33, 35, 34, 36, 18). Also, it
suffers from the trans-Planckian problem (32). A popular al-
ternative, free from the trans-Planckian problem is the classical
bouncing scenario where, the Universe undergoes a phase of
contraction until the scale factor reaches a minimum value, be-
fore it enters the expanding phase (45, 7, 2, 29, 20, 4).
However, it also suffers difficulties, arguably even more than
the inflationary paradigm. First, most of the bouncing solu-
tions (except for ekpyrotic bounce) are not stable and there-
fore, in these cases, the anisotropic energy density can grow
faster than the energy density responsible for the bouncing scale
factor solution (contracting phase), and hence may potentially
break the homogeneous background, known as the Belinsky-
Khalatnikov-Lifshitz (BKL) instability (3, 8). Second, while
constructing the contracting phase is rather easy to achieve, ob-
taining the non-singular bouncing phase is extremely difficult
as it requires to violate the null energy condition: often called
as the theoretical no-go theorem (24, 28, 21, 1, 6, 5, 26, 37, 15,
49). Third, and most importantly, even if one may construct a
model evading the first two difficulties, the perturbations suffer
from many difficulties (e.g., gradient instability) and these mod-
els fail to be in line with the observational constraints: a small
tensor-to-scalar ratio (r0.002 . 0.06) and simultaneously, very
small scalar non-Gaussianity parameter ( fNL ∼ O(1)): referred
to as the observational no-go theorem (46, 27). Apart from
these main three issues, in general, bouncing models possess
another, rather weak, difficulty as well: a natural exit mech-
anism from the bouncing phase to enter into the conventional
reheating phase.
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In solving these problems, it is soon realized that one needs
to go beyond the canonical theories and consider non-minimal
couplings, viz. the Horndeski theories or even beyond Horn-
deski theories (19, 17, 25, 8, 24, 28, 21, 1, 6, 5, 26, 37, 24, 46,
27, 9, 22, 14). However, it is still an open issue to construct a
viable bouncing model that can evade all the above-mentioned
difficulties, simultaneously. This is because: there is not a sin-
gle mechanism known that can be used to resolve all the issues
at the same time.
However, our recent works suggest that conformal coupling
can play a pivotal role in resolving those issues (39, 40, 44).
With that keeping in mind, in this letter, we intend to construct a
(class of) model that is stable and at the same time, may provide
viable perturbed spectra with the help of conformal coupling.
The approach is the following: since most of the slow-roll in-
flationary models satisfy all the observational constraints, we
shall conformally transform the inflationary scale factor solu-
tion into a bouncing solution. Since the conformal transfor-
mation preserves the stability and the perturbations, the recon-
structed bouncing model also holds the stability as well as per-
turbations, similar to the conformal inflationary model. Later,
we shall also show that this kind of reconstruction helps us to
automatically achieve a non-singular bouncing phase as well as
a naturally occurring exit mechanism from bounce to reheat-
ing epoch, hinting towards a class of the first viable bouncing
models.
2. Constructing the model
Slow-roll inflationary model can easily be constructed by
using a single canonical scalar field φ minimally coupled to the
gravity, i.e., the Einstein gravity as
SI = 12
∫
d4x
√−gI
[
M2
Pl
RI − gµνI ∂µφ∂νφ − 2 VI(φ)
]
. (1)
The sub(super)script ‘I’ (not to be confused with power or any
indices) denotes the quantity in the minimal Einstein theory
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(similarly, we shall reserve ‘b’ for the yet to be constructed
bouncing theory), RI is the Ricci scalar for the metric gIµν, and
VI(φ) is the potential responsible for the inflationary solution.
Assuming the above theory is responsible for the slow-roll in-
flationary dynamics, the scale factor solution, during inflation,
can approximately be written as a function of the scalar field φ
as
aI(φ) ∝ exp
(
−
∫ φ dφ
M2
Pl
VI
VI,φ
)
, (2)
with VI,φ ≡ ∂VI∂φ . Now we shall construct a model which is
conformal to the above inflationary action (1) in such a way
that the new scale factor behaves as a bouncing solution. The
transformation can be written as
gIµν = f
2(φ) gbµν ⇒ aI(η) = f (φ) ab(η). (3)
gbµν and ab(η) are the required bouncing metric and scale fac-
tor solutions, respectively, along with f (φ) being the coupling
function. Using the above conformal transformation along with
the action (1), we can construct the action responsible for such
bouncing solution as
Sb = 12
∫
d4x
√−gb
[
M2
Pl
f 2(φ) Rb − ω(φ) gµνb ∂µφ∂νφ
−2 Vb(φ)] . (4)
ω(φ) and the potential Vb(φ) depend on the coupling function
f (φ) and the inflationary potential VI(φ) as
ω(φ) = f 2(φ)
(
1 − 6M2
Pl
f,φ2
f 2
)
, Vb(φ) = f 4(φ) VI(φ), (5)
where f,φ ≡ ∂ f∂φ .
For a given inflationary model (1) with its solution (2), one
can set f (φ) in such a way that ab(η) behaves as a bouncing
solution. For simplicity, if we desire the bouncing solution of
the form
ab(η) ∝ (−η)α ∝ exp
(
α
∫ φ dφ
M2
Pl
VI
VI,φ
)
, α > 0, (6)
where η is the comoving time, then by using Eq. (2) and (3),
one can obtain the required solution of the coupling function
f (φ) as
f (φ) = f0 exp
(
− (α + 1)
M2
Pl
∫ φ
dφ
VI
VI,φ
)
. (7)
f0 is normalized in such a way that at the minima of the poten-
tial, f (φ) becomes unity. This is the main result of the work:
given an inflationary potential VI(φ), we can completely deter-
mine the coupling function f (φ), which in turn, provides non-
minimal theory (4) responsible for the bouncing scale factor
solution (6). Note that, since Eq. (2) is an approximated form,
by using the above expressions (7) and (3), the obtained scale
factor solution ab(η) is also not exact, but close to (6). Also, we
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Figure 1: Slow-roll parameter b is plotted for the chaotic bouncing model
with α = 2 with respect to the field φ. Different colors signify different initial
conditions (open-ended points) which is far away from the desired value of
the slow-roll parameter. However, all solutions quickly approach to the value
of b ' 3/2 which is the solution for α = 2. This clearly indicates that our
bouncing model is an attractor.
need to stress that the form of the scale factor (6) is valid only
in the contracting phase, and during and after the bounce, it is
extremely difficult to obtain analytical solution. Therefore, the
bouncing model, in our case, is also asymmetrical.
Since conformal transformation preserves the stability (for
details, see Refs. (39, 40)), the reconstructed bouncing model
(4) is as stable as the inflationary model and thus can evade
BKL instability as well. In case of scalar perturbation, in the
Einstein frame (1), the perturbed action is
∫
dη dx3z2I
(
ζI
′2 − (∇ζI)2
)
,
zI(η) ≡ aIφ′HI , where, ζ is the curvature perturbation. In the
non-minimal frame (4), the expression of the action for the
scalar perturbation changes by replacing zI(η) with zb(η). How-
ever, zb(η) is simply the conformally transformed zI(η), i.e.,
zb(η) = ( f (φ) ab(η) φ′)/(Hb + φ′ f,φ(φ)/ f (φ)). This implies that,
zb(η) = zI(η) which leads to the action being identical in both
frames and hence, ζI = ζb at linear order. Also, as the speed of
sound is conformally invariant, cs is unity in both minimal in-
flationary as well as in non-minimal bouncing scenarios. Sim-
ilarly, one can evaluate the perturbed interaction Hamiltonian
(for detailed evaluation, see Refs. (12, 31, 42, 43, 38)) at any
order and show that, it also remains invariant in all conformal
frames. This implies that the curvature perturbation at any order
in both the frames are identical, which is not surprising, as we
know, under conformal transformation, curvature perturbation
remains invariant. The argument extends to tensor perturbation
as well. Therefore, given a viable inflationary model which is
consistent with the observations, in our bouncing model, there
appear no divergences or instabilities (e.g., gradient instabil-
ity) in the perturbations anywhere, even at the bounce and, in
addition to that, the model also satisfies all observational con-
straints: thus evading the no-go theorem.
Let us now focus on the remaining issues: obtaining a non-
singular bouncing phase as well as an exit mechanism from
bounce to reheating epoch. To understand this, one can look
into the relations of Hubble parameters and the slow-roll pa-
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Figure 2: The slow-roll parameter b (top-left), Hubble parameter Hb (top-right), the coupling function f (φ) (bottom-left) and ω(φ) (bottom-right) in the non-
minimal theory (4) are plotted for the chaotic bouncing model with α = 2 with respect to the e-N-fold time convention N during and after the bounce. One can see
that the bouncing solution is asymmetrical and the time-average of the slow-roll parameter in non-minimal theory during reheating is 3/2, identical to the minimal
theory. Also, the coupling function f (φ) as well as ω(φ) become nearly unity in the reheating epoch.
rameters in the two conformal theories:
Hb = f HI (1 − f,Nf ), b =
(
I − f,Nf
)
(
1 − f,Nf
) − f
2
,N
f 2 − f,NNf(
1 − f,Nf
)2 , (8)
with I ≡ −HI,N/HI , b ≡ −Hb,N/(NHb). N is the e-fold
time convention in the minimal inflation theory: aI(N) ∝ eN ,
whereas, N is the e-N-fold time convention, which is defined
as ab(N) ∝ exp
(
N2/2
)
. The subscripts N and N denote the
derivatives with respect to themselves. When the field φ is high
and far away from the minima of the potential VI(φ), it slowly
rolls down the potential towards minima with the solution φ,N '
−M2
Pl
VI,φ/VI . This immediately implies (1 − f,N/ f ) ' −α with
b ' (α + 1)/α which corresponds to Hb < 0 for α > 0. During
this phase, the coupling function is extremely small but posi-
tive, while ω(φ) is extremely small and negative. This phase
is represented by the solutions (6) and (7) and it ensures that
the Universe in the non-minimal theory is contracting with the
scale factor solution (6). In this epoch, the large scales of cos-
mological interests leave the Hubble horizon. However, when
φ approaches close to the minima of the potential VI(φ), the so-
lution of the scale factor (6) does not hold and (1− f,N/ f ) starts
increasing, and at the minima of the potential, it becomes pos-
itive unity. Therefore, before the field reaches to the minimum
of the potential, at one point, it crosses the value zero (when
(α + 1) φ,N = −M2Pl VI,φ/VI) where Hb vanishes and b diverges
to negative infinity. This point corresponds to the required non-
singular bouncing point where the null-energy condition is vio-
lated without the ghost instability, which we achieve automati-
cally by choosing the coupling function as Eq. (7). This occurs
due to the past asymptotic behavior of the coupling function
f (φ) as well as its non-trivial evolution.
Shortly after the bounce, as field φ reaches the minima, it
starts oscillating around it. At this stage, the scalar field cou-
ples with other field(s) and decays. Since, at the minima of the
potential, the coupling function f (φ) (as well as ω(φ)) becomes
unity, the non-minimal action (4) as well as its solution also
merges with the minimal action (1) and its solution. Therefore,
as the Universe in the minimal theory undergoes through the
reheating epoch, the non-minimal bouncing theory also experi-
ences similar phenomena, and the difference between these two
conformal theories eventually vanishes. These results suggest
that the constructed bouncing model is asymmetric, free from
the difficulties mentioned earlier and at the same time, it can be
in agreement with the observations.
Few things to note: first, the onset of the bouncing (con-
tracting) phase is not negatively infinite but determined by the
finite onset of the corresponding inflationary phase, i.e., if the
inflationary era starts at η∗ (corresponding field value φ∗), then
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the contracting phase begins at the same time. This may lead
to extremely small value of the coupling function which may
appear to be strong coupling, however, since the model is con-
formal to minimal theory, the above problem do not arise in
the non-minimal theory as well. Second, while the inflationary
phase corresponds to the contracting phase of the bouncing sce-
nario, non-singular bouncing phase occurs close to the minima
of the potential VI(φ). Therefore, any well-behaved inflationary
model with a graceful exit to reheating phase can lead to such
bouncing phenomena.
3. Example - chaotic bounce:
Consider the chaotic inflation with the potential VI(φ) =
1
2 m
2φ2. If we require scale factor solution in the non-minimal
theory to be the matter bounce, i.e., α = 2, the required cou-
pling function becomes f (φ) = exp
(
− 34 φ
2
M2
Pl
)
. We numerically
solve the non-minimal theory (4) with e-N-fold time convention
N . Note that the bounce occurs at N = 0, with negative and
positive values of N corresponding to the contracting and the
expanding phases, respectively. In Fig. 1, we plot the slow-roll
parameter b as a function of φ for different initial conditions
(different colors) to demonstrate the attractor behavior as well
as the required matter contracting solution. As one can see,
all curves start at different points, but quickly approach the de-
sired solution with b ' 3/2 as φ decreases, confirming that the
bouncing model is indeed stable and the Universe is matter con-
tracting. In Figs. 2, we plot the slow-roll parameter b (top-left),
the Hubble parameter Hb (top-right), the coupling function f (φ)
(bottom-left) and ω(φ) (bottom-right) as functions ofN around
and after the bouncing point. From these figures, it can clearly
be seen that, shortly after the bounce, the scalar field starts os-
cillating and decays, and the coupling function f (φ) (as well
as ω(φ)) approaches unity. This is similar to the conventional
reheating phase, as mentioned before.
To compare the merging of these two theories into one dur-
ing and after the reheating phase, one can compare the Hubble
parameters in two different theories. By solving the chaotic in-
flation model with e-fold time convention N and by using (3),
i.e., dN = NdN + d f / f , one can easily obtain a one-to-one
correspondence in these time parameters {N ←→ N}. There-
fore, any parameters can be expressed in any time conventions
N or N . In Fig. 3, we plot the Hubble parameters in these two
theories in e-fold time convention N. The blue curve is the
Hubble parameter in the non-minimal frame (this is identical
to the top-right figure of Fig. 2, except the time parameter is
now changed to N), while red denotes the same in the mini-
mal inflationary theory. Hb vanishes at N ' 73.2 which repre-
sents N = 0, i.e., the non-singular bouncing phase, and as N
increases during reheating, the difference between Hb and HI
vanishes. One can also verify that, during reheating, the time-
average behavior is same in both frames, i.e., in this case, the
effective equation of state is zero (equivalent effective slow-roll
parameter 〈〉 = 3/2).
However, recent observations ruled out many models in-
cluding the chaotic inflation, and therefore, the reconstructed
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Figure 3: The Hubble parameters HI in the chaotic inflationary model (red) and
Hb in the chaotic bouncing model with α = 2 (blue) are plotted with respect to
the e-fold time convention N before and after the bounce. It is clear that, during
reheating, they behave similarly and tend to merge with each other.
chaotic bounce is also not in line with the observations. De-
spite that, a significant number of inflationary models are still
in good agreement with the tighter constraints. For example,
the Starobinsky model with VI(φ) = 34 m
2 M2
Pl
(
1 − e−
√
2
3
φ
MPl
)2
is one of them and similar to chaotic bounce, one can also con-
struct a Starobinsky bouncing model with the coupling function
f (φ) = exp
−34(α + 1)
e√ 23 φMPl − √23 φMPl − 1
 . (9)
Using the above coupling function, one can easily obtain the
non-minimal theory (4) responsible for the required bouncing
solution. In this case, as it is obvious, the reconstructed bounc-
ing model evades all the difficulties including the no-go theo-
rem.
4. Conclusions
While we successfully resolve most of the issues related
to the bouncing paradigm by using conformal transformation,
we should also stress that, some issues may arise due to the
same transformation. For instance, it may not be possible to
distinguish between an inflationary model and the correspond-
ing conformal bouncing model (30, 16, 11, 13, 48, 10, 23, 47,
39, 40). However, recently it has also been shown that the re-
heating dynamics in different conformal theories may behave
differently which can help to differentiate the conformal theo-
ries (41). Also, the ‘equivalence’ can be broken during and after
the reheating epoch as it also depends on how the newly created
relativistic particles couple with the gravity, and therefore, the
viability of these models may be verified from the future exper-
iments. There are other significant things to note. First, while
the value of α we consider as positive, in theory, we can cre-
ate any form of the scale factor solution using f (φ). Second,
the above procedure holds even for arbitrary field redefinition
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(e.g., disformal transformation). Third, during reheating, while
the average behavior in these conformal theories are the same,
one can clearly see the difference in amplitude of the oscilla-
tion in the Hubble parameter (and in the slow-roll parameter as
well) in Fig. 3. Fourth, and most importantly, while we provide
a class of viable bouncing models associated with inflationary
models, we bring a similar problem that plagues the inflation-
ary paradigm: there are many inflationary models, and hence
our proposed conformal bouncing models, that remain consis-
tent even with the recent constraints.
To conclude, our novel idea not only leads to solving bounc-
ing theory, but may also open new areas in studying confor-
mally connected theories and its application.
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